Advances in earth and space instrumentation will come from future optical systems that provide large, deployable collecting areas of low areal mass density (< 10 kg/sq meter), affordable costs of fabrication ($10k/sq meter), and production times of a few years or less. Laminated optics comprised of an electroformed, replicated nickel optical surface supported by a reinforced shape memory resin composite substrate have the potential to meet the requirements for rapid fabrication of lightweight, monolithic, stowable, large optics, where large is defined to be 8 meters in diameter or larger. The high stiffness of a deployable composite substrate and a high quality, thin, electroformed metal optical surface combine the best properties of these disparate materials to provide a robust yet lightweight mirror system to meet the needs of future missions. The unique properties of shape memory resins in the composite provide a larger range of design parameters for production of usable optics. Results are presented from optical and structural tests of various surface and substrate constructions that may be solutions to the key issues, which are primarily material interface stress control, stability, and deployment repeatability. Initial requirements analysis and material properties measurements that determine both system and individual material target performance are presented.
INTRODUCTION
Larger optical collecting apertures are needed to achieve higher spatial resolution and better signal to noise ratios. These reflector apertures, up to 30 m or more, are larger than can be packaged into existing launch vehicle fairings without deployment. Mass and production costs per unit area must also be reduced to maintain systems affordability. Replication processes can produce the required optical surfaces while reducing the cost and manufacturing time for large area optics. Shape memory composite substrates supporting a low scatter flexible nickel optical surface can be developed to meet requirements for mass and production time for large, deployable, monolithic optics. The composite structure of the mirror substrate simplifies integration of the optical components into composite bench structures for improved athermalized performance and reduced instrument mass and complexity. Initial applications include those with relatively low surface accuracy requirements, such as microwave reflectors, and "light buckets" rather than highresolution imagers. As the characteristics of shape memory structures are better understood, improved figure control will expand the range of applications to shorter wavelengths.
Microwave reflectors:
Extensive needs for measurement instrumentation of soil moisture and precipitation require apertures in the range of 4 meters or larger to obtain adequate spatial resolution from higher orbits needed to improve revisit frequency. LIDAR and Space Communications: The feasibility of inexpensive, easily manufactured, lightweight meter-class telescopes is being studied for space communication receivers, and atmospheric sensing LIDAR satellites for earth observing applications. Space Telescopes: Ultra-lightweight composite mirrors are suited to the new generation of space missions requiring larger collecting apertures.
STRUCTURAL CONCEPT
Advancement in polymer materials technology at Cornerstone Research Group, Inc. (CRG) has produced the capability for adding shape memory properties to the cyanate ester based polymers used in conventional fiber reinforced composite structures. This investigation examines properties of a reinforced shape memory composite formed into a mirror substrate applied to the rear surface of a thin (~0.020 mm) nickel optical surface layer that has been electroformed on a mandrel shaped to the desired optical surface as in Fig. 1 . The high stiffness composite substrate provides surface shape control, controllable deployment, and structural rigidity, while the nickel optical surface provides a flexible, durable, low scatter and low stress optical surface. The laminated composite mirror construction investigated has a projected areal density of about 2.2 kg/m 2 for 2-5 m diameter reflectors. The 0.020 mm thick nickel optical surface adds only about 0.18 kg/m 2 .
The unique properties of the shape memory polymer (SMP) matrix enables SMP materials to achieve high packaging strains without damage. Strains are induced by elevating the temperature of the SMP material and then applying a mechanical force. The shape memory characteristics enable the high packaging strains of the stowed launch configuration to be "frozen" into the SMP by cooling to room temperature as in Fig. 2 . Deployment (i.e., shape recovery) is effected by elevating the temperature. At normal operating temperatures, the performance of SMP materials follows classical composite laminate theory. At higher temperatures, SMPs exhibit dramatically reduced stiffnesses due to significant matrix softening of the resin. Addressing the mechanics of the "soft-resin" state will enable the SMP materials to provide repeatable stowage and deployment performance without damage and/or performance changes. The ability to accommodate high packaging strains allows a structure to be packaged compactly for launch and subsequently deployed by releasing the stored strain energy through application of heat. The memory composite returns to the shape locked into the fiber-resin matrix as it was initially cured on the replication mandrel and becomes rigid again upon cooling. Fig. 1 . Carbon fiber reinforced cyanate ester is draped over a nickel plated spherical glass mandrel to form the laminated optic. Fig. 2 . A laminated composite mirror of shape memory composite and nickel optical surface holds a stowed shape until reheated to the glass transition temperature for deployment in orbit.
REPLICATION TECHNOLOGY
Composite replica mirrors are a relatively new class of super lightweight optical mirrors with areal density in the range of 1-5 kg/m 2 . They are fabricated by replication from a polished mandrel, using multiple layers or plies of fiberreinforced polymer composite materials. These provide optical designers with alternate choices for telescope mirrors that are lighter, cheaper, and faster to produce than conventional metal and glass mirrors, and easily made in multiple identical units 1 . 3 . An areal mass of 10 kg/m 2 was achieved in this prototype demonstration part, which met all optical performance requirements for the infrared telescope system. Deployable composite replica optics have also been manufactured by making them thin and flexible enough to roll up to fit within a limited fairing volume. Deployment consists of releasing them to spring back to their original shape 4 . Monolithic reflectors do not have the drawback of joints between segments, and may have simpler deployment mechanisms. The large stored strain energy and flexibility required of such a rolled-up optical reflector constrains the optical component stiffness that may be required by mission agility and pointing requirements. Another drawback of current deployable composites is the tendency of the delicate vacuum deposited reflective layers to crack and flake off during repeated deformation. We have demonstrated low stress electroformed nickel foils can be deformed repeatedly without wrinkling or degrading the low scatter properties as originally replicated. The nickel electroform thickness is selected to provide sufficient toughness to survive deflection and shear stresses at the composite interface without buckling or tearing. The optimum nickel thickness is determined by considering key parameters that include the nickel properties, thickness to bend radius, as well as mirror diameter to allow stow deflections with an acceptable level of residual microstrain after deployment 5 . Shape memory composite materials, combined with a flexible metal surface permit new approaches towards packing a large aperture reflector into a fairing that is much smaller than the deployed aperture, without the need for complex mechanisms.
OPTICS REPLICATION USING SHAPE MEMORY RESINS
Recently developed shape memory polymer (SMP) materials maintain the high modulus of more conventional materials when below the glass transition point (T g ), yet demonstrate low modulus and the memory capabilities when heated. Shape memory materials are similar to traditional fiber-reinforced composites except for the use of shape memory polymer resins.
4.1.
Shape memory materials in composite optics Mirrors can be formed by substituting SMP materials for the usual resin matrix in the composite. The polymer resin selected for these mirror fabrication tests is a cyanate ester, modified for shape memory properties by Cornerstone Research Group, Inc. (CRG). Other than shape memory characteristics, resin properties appear to duplicate conventional cyanate esters. While this material is still in development, the test data and similarity to existing resins used in composite structures suggest it can be qualified for space applications, and further tuned to specific requirements of deployable optics. Mechanical strength in a reinforced composite matrix is consistent with selfsupporting membrane optics. Durability in the space environment (radiation, atomic oxygen) is expected, based on similarity to current cyanate ester formulations used in space.
The deployment temperature is adjustable through alteration of the resin formulation. The current formulation transition temperature, where significant softening occurs, is about 160°C, as shown in Fig. 3 . Unlike metal shape memory alloys that deploy via a rapid phase change, the rate of strain energy release (deployment speed) of SMP can be controlled through adjustment of the heat input and temperature rate of change. Partial, or stepwise, deployment of SMP composites is possible by adding heat in modulated, progressive steps, suggesting the possibility to tune the shape via controlled heating.
Repeated cycles show full strain recovery to "memory" shape occurs after repeated deformation and relaxation. Quantitative stress/strain (DMA) testing of the baseline SMP confirmed complete strain recovery when repeatedly elongated to 10%, thus demonstrating true shape memory property (Fig. 4) . The apparent small residual strain shown in cycles 4-6 was due to the mounting apparatus seating into the specimen while in the softened state. A 100m m graphite fiber reinforced sample exhibited deployed positional repeatability of 0.1mm after more than 10 bend and deploy cycles spanning 180 degree deflections. Further measurements are planned to confirm the repeatability and hysteresis for various reinforcing structural configurations and resin formulations, and measurement of creep and environmental stability in vacuum.
Shape memory composites provide notable advantages over other composite optics in deployed applications. A conventional composite requires significant stored energy for the stowing and deployment, and a complex mechanism for slowly releasing the stored energy in a controlled fashion. The optical surfaces must also be protected during stow and launch. A shape memory optical surface can be stowed, and structurally rigidized in a launch configuration that protects optical surfaces from abrasion or damage. Mechanical hinges linking mirror segments are not required, reducing mass, system complexity, backlash, and lubricant contamination associated with motors, bearings and hinges. A monolithic deployable mirror will not have the scatter and diffraction associated with adjoining mirror segment edges. 
RESEARCH APPROACH
The current work builds on existing high-quality optical replica electroplating capability at Northwestern University, the proprietary SMP materials developed by CRG, and investigation of light-weight precision optics at Ball Aerospace. Although there is an existing basis for the technology from extremely high precision composite optical bench development, the application of shape changing composite to structures and optical substrates is in its infancy. Structural models for describing composites during soft resin states and while deformed and frozen in a stowed configuration will be necessary, with extensive supporting measurements of material properties.
Modeling
An analytical model of the composite was developed in parallel with the testing effort. The main goal was to use the material, thermal and structural performance models to predict optical surface deformations after deployment given a certain design. Characterization and definition of properties, both material and thermal, of process procedure and control, and of geometry of the mirror was the expected outcome of the modeling effort. The current model is a simple Excel based model that incorporates thermal, material and structural properties. Formulas were taken from Roark 6 , Sarafin 7 and Timoshenko and Goodier 8 . Material and thermal properties are included as Storage Loss defined by experimentation. Geometric properties considered both flat and spherically shaped mirrors. Each layer is assumed to be homogenous but is modeled separately from its neighbor. This enables the user to "engineer" the needed materials and create preferential shaping. For instance, by matching CTE differences in particular layers, a smaller curvature may be realized for stowage.
This model was run for an early sample made of Styrene SMP with 3D Weave Carbon. Simulation of the deflections ("roll-up") of convex samples in the oven resulted in modeled data within 50% of the experimental data. Both temperature (110 degrees C as used in the experiment) and additional force due to the roll up were incorporated. The change in "length", or in this case, diameter, of flat samples due to temperature change was within 20% of experimental data.
Comparison of model results and experimental results show promise for using the model to help define hardware parameters and provide information for future sample preparation. Unfortunately, this simplified model has a low confidence level. Therefore, a more rigorous model, using finite element and thermal models will be developed before moving on to the next steps. The new models will include comparison with strain measurements made on samples as well as the ability to scale to different mirror sizes.
Future work includes the use of a formal Integrated End-to-End Modeling (IM) environment being developed at Ball. The Ball IM is a Simulink / MATLAB based environment that provides an end to end system engineering tool. This modeling scheme, under development for 7 years, represents the state-of-the-art integration capability for coupled models. It permits the user to perform both time simulations and analytical work in the spatial and temporal frequency domains. The individual discipline models in structural dynamics, optics, controls, signal processing, detector physics and disturbance modeling are seamlessly integrated into one cohesive model to efficiently support system-level trades and analysis. Discipline experts retain their traditional roles but this approach also uses parallel path of rapid subsystem modeling and integrated system modeling. Integrated modeling allows for combined interaction of subsystems while monitoring system performance metrics.
The above mathematical models can be easily added to an integrated end-to-end model being developed under other applications. The IM can include theoretical models for items such as the affect of material microyield 5 on the mirror wave front error. From here, we can determine which material properties need to be adjusted for the desired stowed geometry.
5.2.
Test Item Fabrication Initial test item definition began by matching requirements for a typical composite reflector to existing materials with known properties and using a demonstrated mirror electroforming process. Control of interface stresses between the nickel and composite has been the major focus of the initial tests because of the criticality to success, and the novelty of the approach. We have defined the process requirements for the nickel, considering mandrel separation, adhesion, roughness, thickness, and stress control, according to the current best practice optical plating processes. Composite goals include definition of requirements of the composite substrates that currently limit application of composite optics. This includes dimensional stability during cure, low thermal expansion coefficient, high specific stiffness, minimal fiber reinforcement print-through, low or no micro-cracking, low outgassing and low moisture uptake, compatible processibility and processing time, evaluation of alternate reinforcement materials and reinforcement architectures, fibers and fiber combinations, nano-reinforcements.
5.3.
Results Critical to validating the concept was the need to verify adhesion of disparate materials as composite and nickel. Surface accuracy, smoothness, and material outgassing goals were accomplished in part. Investigation is continuing on nanofiber and fabric reinforced materials to isolate the optical surface from the reinforcing layers, and creating a stable symmetric structure to ensure figure stability over a range of environmental conditions.
Shape memory properties:
Repeated stow-deploy temperature cycle tests showed the composite was not damaged by repeated rolling up the laminated mirrors to 50 mm bend radius. Specially shaped test samples demonstrated deployment repeatability to about one part in 10,000 indicating attention that must be given to mechanical configuration as well as material properties.
Flat and spherical pieces do not yet achieve this value. Figure 5 shows a deployment test of a spherical 150 mm diameter mirror substrate composed of a woven carbon fiber and a styrene based shape memory polymer. The spherical shell did not return fully to the original cured shape, possibly as a result of internal damage from the rather severe stow deformation. Current work is focused on cyanate ester polymers, but the importance of working well within material parameters is essential for repeatable results. More extensive tests of a 320 mm diameter test item have been completed to evaluate the parameters that need to be controlled. This mirror used a unidirectional fiber lay-up on the surface that produced a surface with significantly reduced print through, but the uniformly oriented fibers created a preferential axis that resulted in significant astigmatism in the images and tended to wrinkle under deformation, unlike any other composite construction. The test item was unsuitable for further optical tests, but provided the model for development of handling and test procedures and fixtures, and provided a set of parameters to be controlled during fabrication and test.
Lamination integrity
Adhesion of both styrene based and cyanate ester composite resins to unprepared nickel is not adequate for the demands of deployment and required significant development. Adhesive films were considered, but the effect on the optical surface and uncertain material compatibility would have added additional variables. Adhesion that was sufficient for most handling, thermal and mechanical stress was accomplished through physical roughening of the nickel. Temperature excursions (-18C to +110C) and deployment cycles demonstrated adequate adhesion through multiple cycles with substrate bend radii of 100mm demonstrated by the test item in Fig. 2 . Compliance of the soft resin is apparently sufficient to maintain interface shear loads within adhesion limits during deformation in the soft state, however additional thermal stresses or more extreme mechanical loads sometimes caused delamination.
In order to test cyanate ester SMP's adhesion to nickel, a composite lay-up was applied to a nickel foil electroform. The nickel was roughened by sanding with 220-grit sandpaper, cleaned and incorporated into the lay-up fixturing. Vacuum molding techniques applied pressure between the nickel and carbon fiber mesh fabric while curing the cyanate ester based SMP resin matrix material. A multilayer, three dimensionally woven carbon fiber fabric was chosen as the structural material for this application because it is sufficiently flexible to form to a spherical shell. The cured composite was very stiff and print-through of the carbon fiber fabric pattern was observed in the nickel at room temperature. After one temperature cycle, it appeared that the nickel was detaching because the print-through disappeared in some areas, showing the matrix material was no longer holding the mirror into the composite. Separation of the nickel from the composite showed that there were only limited contact points remaining between the composite and the nickel. Less than about 50% of the nickel area had remained bonded to the composite after the thermal cycle. The test was repeated with a few changes to improve the bending characteristics as well as increase bond contact area between the nickel and composite. Adhesion was still marginal and alternatives were investigated.
Nickel electroforms were ion beam etched to a depth of a few microns on the rear interface surfaces. These provided more than adequate adhesion for all thermal and mechanical loads. The 220 micron pattern of ion-etched depressions in the back of the nickel is shown in Fig. 6 . Thermal cycle tests of the cyanate ester adhesion to the etched nickel have not been able to induce any delamination when cycled over 0-200°C and severe bending (in the soft, heated state) to a 20 mm radius. Delamination usually begins at the edges, but the resin remained firmly attached to the edge. 
Scatter of replicated surfaces
The polish of the mandrel surface determines scattering by the replicated nickel surface due to microroughness. Surfaces measured as fine as 2 nm RMS were replicated from a variety of polished glass, sapphire, and stainless steel mandrels. Small scale fiber print-through to the nickel surface limited the precision of the measured scatter since the beam size is about the dimension of the fabric texture. Figure 7 is a plot of the bi-directional reflectance scatter distribution (BRDF) measurement of a 0.020 mm thick nickel replica of an inexpensive glass lens surface, indicating a 4.85 nm RMS roughness. The apparent scatter from micro-roughness did not change after flexing. Permanent deformation or wrinkling of the replicated nickel surface was not visible under magnification as a result of flexing of the optic as long as there is no delamination from the composite substrate. Wrinkling, and surface blisters resulted in every case if a partially delaminated mirror was bent.
Surface texture (print through) due to fiber weave
The print-through effect is a direct result of there being varying amounts of resin under any particular location of the mirror. Dimples in the mirror form at locations where there is a greater thickness of resin between the nickel and fabric. As the polymer material cools after cure, shrinkage causes the mirror to be pulled down into the resin rich areas. The severity of this effect seems to be a function of the resin/fiber ratio, and CTE difference between resin, fiber, and nickel. The addition of non-woven scrim fabric seemed to soften the print-through effect. Fig. 8 shows a test mirror fabricated with scrim fabric (also shown in a deformed state in Fig.2 .) The part was fabricated using traditional vacuum bagging methods commonly used to hand lay-up composites. After removing the part from the bagging material the part showed a smooth reflective surface, however the composite was still at an elevated temperature. As the part cooled to room temperature the reflective surface began to distort and show signs of internal stress due to coefficient of thermal expansion (CTE) mismatch. To determine the amount of distortion created by the CTE mismatch the surface of the mirror was examined under a MicroXAM (ADE Phase Shift) Surface Mapping Microscope. A detailed mapping of the surface of the mirror showed that the roughness is about 0.038 mm from peak to valley. This roughness needs to be improved for most optical applications, even in the infrared.
Smooth surface replication is produced by a resin-rich composite surface, while thermal stability is improved by a fiberrich composite. Fabric print-through was controlled by a sheet of neat partially-cured SMP resin placed onto the mandrel, followed by the carbon fiber fabric and another sheet of neat partially-cured SMP. The part was cured using the same conventional vacuum bagging process as was used in the first attempt. The resulting part showed some delamination between the nickel mirror and the SMP due to the high CTE mismatch between the nickel mirror and the resin. This resulted in the poor optical surface as seen in Figure 9 . Modification of the CTE of the SMP resin system to match that of the nickel is being investigated using filler materials. Several test pieces incorporating various materials and proportions of reinforcing materials were fabricated. The reinforcing materials included hollow multiwall carbon fiber nanotubes, boron nitride, aluminum nitride, and fumed silica. In all mirror samples incorporating random fillers, the surface print-through was greatly reduced. Fig. 8 The carbon fiber reinforcement fabric texture prints-through through the 0.020 mm nickel optical surface layer. Fig. 9 Greatly reduced print through using a unidirectional fiber layer under the nickel optical surface. Nickel to resin CTE mismatch caused delamination and surface deformation. The flat mandrel is on the right.
Thermal expansion effects on laminates
Differential thermal expansion of the nickel and composite laminate layers has the potential to cause severe distortion as well as print-through of composite fiber weave texture on to the surface of the mirror. Surface figure deformation has not yet been measured on spherical mirror samples, however, flat samples remain visibly flat with no curling over the full temperature range of 20 to 200°C. Optical measurements of thermal distortion are planned in air and vacuum for mirrors incorporating the selected laminate construction and resin.
Composite stability in vacuum
Low outgassing is required for composites in space, particularly for any shape memory resin materials used in optics with large exposed surface areas and elevated temperatures for deployment. Standard NASA outgassing tests of the cyanate ester resin modified for shape memory properties indicated a total mass loss (TML) of 0.16%. This is in the acceptable range for space materials, and it confirmed the material analyses indicating the SMP is fully cured and likely to maintain typical cyanate ester stability and longevity in a space environment.
FUTURE DIRECTIONS
CTE mismatch has been shown to be involved in surface distortion on both the small-scale level (dimensions of a millimeter or less) that causes print through, and for entire mirror surfaces. Matching the thermal expansion coefficients of the resin/fiber system to the nickel must be controllable for reliable figure production and surface predictability. The print-through of reinforcing fabric weave disappears as temperature is increased near the cure temperature, but it is unclear whether it occurs through strain relief due to resin softening or from the reduction of structure CTE differential stresses as the temperature approaches the cure temperature. Stability against creep needs to be investigated further, for both the stored strain condition during stow and likewise in the deployed configurations, particularly under vacuum environmental conditions. Scaling laws need to be validated so the results of small test samples will accurately predict behavior of 5 m and larger structures that require the deployable shape memory properties. Improved optical figure control that will permit wider use of the technology in shorter wavelengths requires much more precise process controls and modeling prediction capability. Additional test pieces of various composite resin formulations and structure have been fabricated to isolate each of the characteristics that must be controlled, including CTE, hysteresis in deployment, stability, creep. These properties will be inserted into the analytical model to optimize structural properties, and produce characteristics suitable for optics as indicated by the model output. Current deployment repeatability data suggest microwave reflectors spanning over a meter will maintain sufficient accuracy for aperture-limited resolution typical of current composite reflectors even after stow and deployment. Requirement definition and production of materials meeting specific specifications, and construction of precision laminates with a high degree of uniformity will be the focus of future development. Modeling efforts will continue to develop description of the interactions of the diverse material interfaces. Extensive modeling efforts will be needed to describe the behavior and properties of the composite materials and laminations in the stowed condition, when materials have significant strain locked into the rigidized resin and yet must withstand dynamic loads of launch.
CONCLUSIONS
Shape memory materials are becoming available for construction materials for space structures and have applicability to large deployable optics. New mission concepts involving novel stow and deployment schemes may be possible given the increased design latitude of structures that incorporate deployment mechanisms that are integral with the stiff and lightweight composite structure. Shape memory materials incorporated in reflector replication processes have the potential for further exploitation to expand the range of applications for composite optics, but require additional investment in materials development and complex lamination modeling techniques.
